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ABSTRACT
Telomeric DNA consists of repetitive G-rich se-
quences that terminate with a 3′-ended single
stranded overhang (G-tail), which is important for
telomere extension by telomerase. Several proteins,
including the CST complex, are necessary to main-
tain telomere structure and length in both yeast and
mammals. Emerging evidence indicates that RNA
processing factors play critical, yet poorly under-
stood, roles in telomere metabolism. Here, we show
that the lack of the RNA processing proteins Xrn1 or
Rrp6 partially bypasses the requirement for the CST
component Cdc13 in telomere protection by attenu-
ating the activation of the DNA damage checkpoint.
Xrn1 is necessary for checkpoint activation upon
telomere uncapping because it promotes the gener-
ation of single-stranded DNA. Moreover, Xrn1 main-
tains telomere length by promoting the association
of Cdc13 to telomeres independently of ssDNA gen-
eration and exerts this function by downregulating
the transcript encoding the telomerase inhibitor Rif1.
These findings reveal novel roles for RNA process-
ing proteins in the regulation of telomere metabolism
with implications for genome stability in eukaryotes.
INTRODUCTION
Nucleoprotein complexes called telomeres are present at
the ends of linear eukaryotic chromosomes, where they en-
sure replication of the chromosome ends and prevent their
recognition as DNA double-strand breaks (DSBs) (1,2).
Telomeric DNA in most eukaryotes consists of tandem ar-
rays of short repeated sequences which are guanine-rich
in the strand running 5′-3′ from the centromere toward
the chromosome end. The G-rich strand at both ends of
a chromosome extends over the C-strand to form a 3′-
ended single-stranded G-rich overhang (G-tail) (3,4). This
G-tail is important for telomere replication, because it pro-
vides a substrate for the telomerase enzyme. Telomerase
is a ribonucleoprotein complex that uses its RNA com-
ponent as a template to elongate the telomere by addi-
tion of G-rich telomeric repeats to the G-tail (1,5). The
telomerase-extended single-stranded DNA (ssDNA) must
then be copied by the conventional replication machinery
to reconstitute the double-stranded telomeric DNA.
In Saccharomyces cerevisiae, single-stranded G-rich tails
of 5–10 nt in length are present at telomeres throughout
most of the cell cycle except in late S phase, when longer
overhangs are detected (4,6,7). Removal of the last RNA
primers that are generated by lagging-strand synthesis ap-
pears to match the observed overhang length (8). By con-
trast, the telomeric C-strands generated by leading-strand
synthesis are resected by about 30–40 nt before being filled
in again to leave DNA ends with a 3′ overhang of about
10 nt (8,9). This resection depends on the MRX (Mre11-
Rad50-Xrs2) complex, on the exonuclease Exo1 and on the
Sgs1-Dna2 helicase-nuclease complex (10–12).
G-tails at both leading- and lagging-strand telomeres are
covered by the CST (Cdc13-Stn1-Ten1) complex, which is
an RPA-like complex that binds with high affinity and se-
quence specificity to the telomeric ssDNA overhangs (13).
The CST complex drives the localization of telomerase to
telomeres through a direct interaction between Cdc13 and
the telomerase subunit Est1 (14–17).MRX, in turn, ensures
robust association of telomerase with telomeres by promot-
ing the binding of the checkpoint kinase Tel1 via a spe-
cific interaction with the MRX subunit Xrs2 (18–22). It re-
mains unclear whether Tel1 facilitates telomerase associa-
tion directly by phosphorylating specific targets that pro-
mote telomerase recruitment, and/or indirectly by stimulat-
ing resection of the C-strand, thus generating a ssDNA sub-
strate for telomerase action (23–25). Interestingly, Mre11
inactivation strongly reduces the binding to telomeres of the
telomerase subunits Est1 and Est2, while it has a moderate
effect on Cdc13 binding (26). Further work has shown that
the absence of Mre11 reduces Cdc13 binding only to the
leading-strand telomere, while Cdc13 ability to bind to the
lagging-strand telomere is not affected (9). This observation
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is consistent with the finding thatMre11 binds only to lead-
ing telomeres to generate the single-stranded overhangs (9).
In addition to drive telomerase localization to telomeres,
the CST complex also genetically and physically interacts
with the DNA polymerase /primase complex and pro-
motes lagging strand synthesis during telomere replication
(27,28). Furthermore, it prevents inappropriate generation
of ssDNA at telomeric ends. Cdc13 inactivation through ei-
ther the cdc13-1 temperature sensitive allele or the cdc13-td
conditional degron allele results in both degradation of the
5′-terminated DNA strand and checkpoint-mediated cell
cycle arrest (29–31). Similarly, temperature sensitive alleles
of either the STN1 or TEN1 gene cause telomere degrada-
tion and checkpoint-dependent cell cycle arrest at the non-
permissive temperature (32–35). DNA degradation in the
cdc13-1 mutant depends mainly on the 5′-3′ nuclease Exo1
(36,37), suggesting that CST protects telomeric DNA from
Exo1 activity.
There is emerging evidence that telomere metabolism is
influenced by RNA processing pathways. In eukaryotes,
RNA processing relies on two highly conserved pathways
involving both 5′-3′ and 3′-5′ exoribonuclease activities (38).
In particular, 5′-3′ degradation is performed by theXrn pro-
tein family, which comprises the cytoplasmic Xrn1 enzyme
and the nuclear Rat1 enzyme (also known as Xrn2) (39).
The 3′-5′ RNA processing activity is due to the exoribonu-
clease Rrp6 that belongs to the nuclear exosome (40). In
addition, RNA molecules are subjected to a quality con-
trol system, which is called nonsense-mediated mRNA de-
cay (NMD) and degrades non-functional RNAs that might
otherwise give rise to defective protein products (38).
RNA processing proteins have been recently implicated
in telomere metabolism in both yeast and mammals, al-
though the related mechanisms are poorly understood. In
particular, Xrn1 has been identified in genome-wide screen-
ings for S. cerevisiae mutants with altered telomere length
(41,42). Moreover, proteins belonging to the mammalian
NMD pathway have been found to bind telomeres and to
control telomere length (43,44). Similarly, the lack of the
S. cerevisiae NMD proteins was shown to cause telomere
shortening by increasing the amount of Stn1 and Ten1,
which in turn inhibit telomerase activity by interfering with
Est1–Cdc13 interaction (45–48). Furthermore, both Xrn1
and the nuclear exosome control degradation of the RNA
component of human telomerase (49). Finally, Rat1 and
the NMD pathway control the level of a new class of non-
coding RNAs called TERRA (telomeric repeat-containing
RNA), which are transcribed from the subtelomeric se-
quences and likely regulate telomere length (50–52).
Here we show that the lack of the S. cerevisiaeRNA pro-
cessing factors Xrn1 or Rrp6 suppresses the temperature
sensitivity of cdc13-1 mutant cells by attenuating the acti-
vation of the DNA damage checkpoint response. In par-
ticular, Xrn1 is required to activate the checkpoint upon
telomere uncapping because it promotes the generation of
ssDNA. Furthermore, Xrn1 maintains telomere length in-
dependently of ssDNA generation by promoting Cdc13 as-
sociation to telomeres through downregulation of the tran-
script encoding the telomerase inhibitor Rif1.
MATERIALS AND METHODS
Strains and plasmids
Strain genotypes are listed in Supplementary Table S1.
Strains used for monitoring telomere addition were deriva-
tives of strain UCC5913, kindly provided byD. Gottschling
(Fred Hutchinson Cancer Research Center, Seattle, USA).
Strains ML968-1D andML968-3B are derivatives of ML8-
9A, a RAD5 ADE2 derivative of W303 (MATa LYS2
ade2-1 can1-100 ura3-1 his3-11,15 leu2-3, 112 trp1-1 rad5-
535). A plasmid carrying the GAL1-RNH1 allele and the
control vector plasmid pGAL1 were kindly provided by
A. Aguilera (University of Seville, Sevilla, Spain). Plas-
mids pAM140/pAJ228 (CENLEU2 rat1-ΔNLS), pAM144
(CEN LEU2 xrn1-E176G) and pAM145/pAJ37 (CEN
LEU2 XRN1) were kindly provided by A.W. Johnson (Uni-
versity of Texas, Austin, USA). Plasmid pGFPRRP6H1
(CEN URA3 pGFP-rrp6-D238A) was kindly provided
by J.S. Butler (University of Rochester Medical Center,
Rochester, USA). Plasmid pTRP61 (2 TRP1 GAL1-
TLC1) was kindly provided by R. Wellinger (Universite´
de Sherbrooke, Que´bec, Canada). Plasmid pVL1091 (CEN
LEU2 CDC13-EST1) was kindly provided by V. Lund-
blad (Salk Institute, La Jolla, USA). All gene disruptions
were carried out by polymerase chain reaction (PCR)-based
methods. The accuracy of all gene replacements and inte-
grations was verified by Southern blot analysis or PCR.
Cells were grown in YEP medium (1% yeast extract, 2%
bactopeptone, 50mg/l adenine) supplemented with 2% glu-
cose (YEPD) or 2% raffinose (YEPR) or 2% raffinose and
2% galactose (YEPRG).
Southern blot analysis of telomere length
The length of HO (Homothallic)-induced telomeres was de-
termined as previously described (53). Briefly, yeast DNA
was digested with SpeI and the resulting DNA fragments
were separated by 0.8% agarose gel electrophoresis and
hybridized with a 32P-labeled probe corresponding to a
500 bp ADE2 fragment. To determine the length of na-
tive telomeres, XhoI-digested yeast DNA was subjected to
0.8% agarose gel electrophoresis and hybridized with a 32P-
labeled poly(GT) probe. Standard hybridization conditions
were used.
ChIP and qPCR
ChIP analysis was performed as previously described (54).
Quantification of immunoprecipitated DNA was achieved
by quantitative real-time PCR (qPCR) on a Bio-Rad Min-
iOpticon apparatus. Triplicate samples in 20 l reaction
mixture containing 10 ng of template DNA, 300 nM for
each primer, 2× SsoFast™ EvaGreen® supermix (Bio-rad
#1725201) were run in white 48-well PCR plates Multi-
plate™ (Bio-Rad #MLL4851). The qPCR program was as
follows: step 1, 98◦C for 2 min; step 2, 98◦C for 5 s; step 3,
60◦C for 10 s; step 4, return to step 2 and repeat 30 times. At
the end of the cycling program, a melting program (from 65
to 95◦Cwith a 0.5◦C increment every 5 s) was run to test the
specificity of each qPCR. qPCR at the HO-induced telom-
ere was carried out by using primer pairs located at 640 bp
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centromere-proximal to the HO cutting site at chromosome
VII and at the non-telomeric ARO1 fragment of chromo-
some IV (CON). qPCR at native telomeres was carried out
by using primer pairs located at 70 and 139 bp from the
TG sequences on telomeres VI-R (right) and XV-L (left),
respectively. Data are expressed as fold enrichment over the
amount of CON in the immunoprecipitates after normal-
ization to input signals for each primer set.
qRT-PCR
Total RNA was extracted from cells using the Bio-Rad
Aurum total RNA mini kit. First strand cDNA synthesis
was performed with the Bio-Rad iScript™ cDNA Synthesis
Kit. qRT-PCR was performed on aMiniOpticon Real-time
PCR system (Bio-Rad) and RNA levels were quantified us-
ing theCtmethod.Quantities were normalized toACT1
RNA levels and compared to that of wild-type cells that was
set up to 1. Primer sequences are available upon request.
Fluorescence microscopy
Yeast cells were grown and processed for fluorescence mi-
croscopy as described previously (55). Fluorophores were
cyan fluorescent protein (CFP, clone W7) (56) and yellow
fluorescent protein (YFP, clone 10C) (57). Fluorophores
were visualized on a Deltavision Elite microscope (Applied
Precision, Inc) equipped with a 100× objective lens (Olym-
pus U-PLAN S-APO, NA 1.4), a cooled Evolve 512 EM-
CCD camera (Photometrics, Japan) and an Insight solid
state illumination source (Applied Precision, Inc). Pictures
were processed with Volocity software (PerkinElmer). Im-
ages were acquired using softWoRx (Applied Precision, Inc)
software.
Other techniques
Visualization of the single-stranded overhangs at native
telomeres was done as previously described (6). The same
gel was denatured and hybridized with the end-labeled C-
rich oligonucleotide for loading control. Protein extracts to
detect Rad53 were prepared by trichloroacetic acid (TCA)
precipitation. Rad53 was detected using anti-Rad53 poly-
clonal antibodies from Abcam. Secondary antibodies were
purchased from Amersham and proteins were visualized by
an enhanced chemiluminescence system according to the
manufacturer.
RESULTS
The lack of Xrn1 or Rrp6 partially suppresses the tempera-
ture sensitivity of cdc13-1 cells
Protection of telomeres from degradation depends on the
CST (Cdc13-Stn1-Ten1) complex, which specifically binds
to the telomeric ssDNA overhangs (13). We have previously
shown that theRNAprocessing proteinsXrn1 andRrp6 are
required to fully activate the checkpoint kinase Mec1/ATR
at intrachromosomal DSBs (58). We then asked whether
Xrn1 and/or Rrp6 regulate checkpoint activation also in
response to telomere uncapping. To this end, we analyzed
the effect of deleting either the XRN1 or the RRP6 gene
in cdc13-1 cells, which show temperature-dependent loss of
telomere capping, ssDNA production, checkpoint activa-
tion and cell death (29,30). As expected, cdc13-1 cells were
viable at permissive temperature (25◦C), but died at restric-
tive temperature (26–30◦C) (Figure 1A). Deletion of either
XRN1 or RRP6 partially suppressed the temperature sen-
sitivity of cdc13-1 cells, as it allowed cdc13-1 cells to form
colonies at 26–28◦C (Figure 1A). Xrn1 and Rrp6 appear to
impair cell viability of cdc13-1 cells by acting in two differ-
ent pathways, as xrn1Δ rrp6Δ cdc13-1 triple mutant cells
formed colonies at 30◦C more efficiently than both xrn1Δ
cdc13-1 and xrn1Δ cdc13-1 doublemutant cells (Figure 1B).
Xrn1 and Rrp6 control RNA degradation by acting as
5′-3′ and 3′-5′ exoribonucleases, respectively (38). The xrn1-
E176G and rrp6-D238A alleles, encoding nuclease-defective
Xrn1 or Rrp6 variants (59,60), suppressed the temperature
sensitivity of cdc13-1 cells to an extent similar to that of
xrn1Δ and rrp6Δ, respectively (Figure 1C). Therefore, Xrn1
and Rrp6 appear to impair viability in the presence of un-
capped telomeres by acting as nucleases.
Xrn1 controls cytoplasmic RNA decay, whereas RNA
processing in the nucleus depends on its nuclear paralog
Rat1 (61). Targeting Rat1 to the cytoplasm by deleting its
nuclear localization sequence (rat1-ΔNLS) restores Xrn1-
like function in RNA degradation (61), prompting us to
ask whether it could restore Xrn1 function in causing loss
of viability of cdc13-1 cells. Strikingly, cdc13-1 xrn1Δ cells
expressing the rat1-ΔNLS allele on a centromeric plasmid
formed colonies at 27◦C much less efficiently than cdc13-1
xrn1Δ cells expressing wild type RAT1 (Figure 1D). Thus,
Xrn1 impairs viability in the presence of uncapped telom-
eres by controlling a cytoplasmic RNA decay pathway.
Xrn1 and Rrp6 are required to fully activate the checkpoint
at uncapped telomeres
A checkpoint-dependent arrest of the metaphase to
anaphase transition is observed in cdc13-1 cells at high tem-
peratures (29). Failure to turn on the checkpoint allows
cdc13-1 cells to form colonies at 28◦C (30), indicating that
checkpoint activation can partially account for the loss of
viability of cdc13-1 cells.We therefore asked whether the en-
hanced temperature resistance of cdc13-1 xrn1Δ and cdc13-
1 rrp6Δ cells might be related to defective checkpoint acti-
vation. Cell cultures were arrested in G1 with -factor at
23◦C and then released from G1 arrest at 28◦C, followed
by monitoring nuclear division at different time points. As
expected, cdc13-1 cells remained arrested as large budded
cells with a single nucleus throughout the experiment (Fig-
ure 2A). Conversely, although xrn1Δ and rrp6Δ single mu-
tant cells slowed down nuclear division compared to wild
type cells, cdc13-1 xrn1Δ and cdc13-1 rrp6Δ cells started to
divide nuclei about 90 min after release (Figure 2A).
We then examined under the same conditions phospho-
rylation of the Rad53 checkpoint kinase that is necessary
for checkpoint activation and can be detected as changes in
Rad53 electrophoretic mobility. After release at 28◦C from
G1 arrest, Rad53 phosphorylation was strong in cdc13-1
cells, as expected, whereas it was undetectable in cdc13-1
xrn1Δ cells and it was reduced in cdc13-1 rrp6Δ cells (Fig-
ure 2B). Taken together, these results indicate that Xrn1
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Figure 1. The lack of Xrn1 or Rrp6 partially suppresses the temperature sensitivity of cdc13-1 cells. (A–D) Cell cultures were grown overnight at 23◦C
and 10-fold serial dilutions were spotted onto YEPD plates. Bars point out independent clones. Plates were incubated at the indicated temperatures before
images were taken.
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Figure 2. The lack of Xrn1 or Rrp6 reduces checkpoint activation in cdc13-1 cells and suppresses the temperature sensitivity of cdc13-1 cells by acting in
a pathway different from NMD. (A and B) Cell cultures exponentially growing at 23◦C in YEPD (cyc) were arrested in G1 with -factor and then released
into the cell cycle at 28◦C (time zero). Samples were taken at the indicated times after -factor release to determine the kinetics of nuclear division (A),
and for western blot analysis of protein extracts using anti-Rad53 antibodies (B). (C–F) Protein extracts prepared from cell cultures exponentially growing
at 25◦C in YEPD were subjected to western blot analysis with anti-Myc (C and E) and anti-HA (D and F) antibodies. The same amount of extracts was
separated by SDS-PAGE and stained with Coomassie Blue as loading control. Bars point out two or three independent cell cultures. (G) Cell cultures were
grown overnight at 23◦C and 10-fold serial dilutions were spotted onto YEPD plates. The bar points out two independent clones.
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and Rrp6 are required to fully activate the checkpoint in
response to telomere uncapping caused by defective Cdc13.
Xrn1 and Rrp6 regulate telomere capping through a mecha-
nism that is distinct from that involving the NMD pathway
In both yeast and mammals, the NMD pathway is in-
volved in quality control of gene expression by eliminating
aberrant RNAs (62). Interestingly, NMD inactivation was
shown to suppress the temperature sensitivity of cdc13-1
cells by increasing the levels of the Cdc13 interacting pro-
teins Stn1 and Ten1, which likely stabilize the CST complex
at telomeres (46,47,63). These high levels of Stn1 and Ten1
are also responsible for the short telomere length phenotype
of nmdΔ mutants, possibly because Stn1 and Ten1 inhibit
telomerase activity by interfering with Est1–Cdc13 interac-
tion (16,34,64,65).
As 77% of the transcripts that are upregulated in nmdΔ
cells are upregulated also in xrn1Δ cells (66), we asked
whether Xrn1 and/or Rrp6 action at telomeres might in-
volve the same pathway that is regulated by NMD. To
this purpose, we constructed fully functional Ten1-Myc and
Stn1-HA alleles to analyze the levels of Ten1 and Stn1 in
xrn1Δ and rrp6Δ cells. As expected, the amounts of Ten1-
Myc and Stn1-HA were greatly increased in cells lacking
the NMD protein Upf2 (Figure 2C and D). By contrast,
the lack of Xrn1 or Rrp6 did not change the amount of
Ten1-Myc (Figure 2C) and only very slightly increased the
amount of Stn1-HA (Figure 2D). Furthermore, Xrn1 and
Rrp6 do not compensate for the absence of each other in
controlling Ten1 and Stn1 levels, as the amount of Ten1-
Myc (Figure 2E) and Stn1-HA (Figure 2F) in xrn1Δ rrp6Δ
double mutant cells was similar to that in xrn1Δ and rrp6Δ
single mutant cells.
The presence of the Myc or HA tag at the C-terminus
of Ten1 and Stn1, respectively, did not affect the possible
regulation of the corresponding mRNAs by Xrn1 or Rrp6,
as the suppression of the temperature sensitivity of cdc13-1
cells by XRN1 or RRP6 deletion was similar either in the
presence or in the absence of the TEN1-MYC or STN1-HA
allele (Supplementary Figure S1).
We also analyzed the epistatic relationships between
Xrn1/Rrp6 and NMD. The effect of deleting UPF2 in
xrn1Δ cdc13-1 cells could not be assessed due to the poor
viability of the triple mutant at 23–25◦C. Nonetheless, dele-
tion of UPF2, which partially suppressed the temperature
sensitivity of cdc13-1 cells, further improved the tempera-
ture resistance of cdc13-1 rrp6Δ doublemutant cells at 32◦C
compared to both cdc13-1 rrp6Δ and cdc13-1 upf2Δ cells
(Figure 2G). Altogether, these data suggest that Xrn1 and
Rrp6 impair survival of cdc13-1 by acting in a pathway that
is different from that involving the NMD proteins.
Xrn1 is required to generate ssDNA at uncapped telomeres
It is known that cell death of cdc13-1 cells at restrictive tem-
peratures is due to generation of telomeric ssDNA that trig-
gers checkpoint-mediated metaphase arrest (29,30). Hence,
the improved temperature resistance of cdc13-1 xrn1Δ and
cdc13-1 rrp6Δ cells might be due to a reduction of the
amount of telomeric DNA that becomes single-stranded
in cdc13-1 cells at restrictive temperatures. We therefore
assessed the presence of ssDNA at natural chromosome
ends by analyzing genomic DNA prepared from exponen-
tially growing cells. Non-denaturing in-gel hybridization
with a C-rich radiolabeled oligonucleotide showed that the
amount of telomeric ssDNA after incubation of cells at
28◦C for 5 h was lower in cdc13-1 xrn1Δ double mutant
cells than in cdc13-1 cells (Figure 3A). By contrast, the level
of single-stranded TG sequences showed a very similar in-
crease in both cdc13-1 and cdc13-1 rrp6Δmutant cells com-
pared to wild type cells (Figure 3A).
The function of Cdc13 in telomere protection is mediated
by its direct interaction with Stn1 and Ten1. In contrast to
Cdc13, Stn1 inhibits telomerase action by competing with
Est1 for binding to Cdc13 (64,65). As a consequence, cells
lacking the Stn1 C-terminus (stn1-ΔC) display long telom-
eres because the Stn1-ΔC variant fails to compete with Est1
for binding to Cdc13. Furthermore, these same cells accu-
mulate telomeric ssDNA, although the amount of this ss-
DNA is not enough to impair cell viability (34,64,67). We
therefore evaluated the specificity of the genetic interactions
between Cdc13, Xrn1 and Rrp6 by analyzing the conse-
quences of deleting XRN1 or RRP6 in stn1-ΔC cells. Like
in cdc13-1 cells, generation of telomeric ssDNA in stn1-ΔC
cells was reduced by the lack of Xrn1, but not by RRP6
deletion (Figure 3B). Thus, Xrn1 is required to generate ss-
DNA at dysfunctional telomeres, whereas Rrp6 does not,
implying that the defective checkpoint response in cdc13-1
rrp6Δ cells cannot be ascribed to a reduced generation of
telomeric ssDNA.
The data above suggest that the lack of Xrn1 might sup-
press the temperature sensitivity of cdc13-1 cells by atten-
uating the generation of telomeric ssDNA. We then asked
whether the overexpression of Exo1, which bypasses MRX
requirement for intrachromosomal DSB end resection (68),
decreased the maximum permissive temperature of cdc13-
1 xrn1Δ cells. Strikingly, cdc13-1 xrn1Δ cells containing
the EXO1 gene on a 2 plasmid were more temperature-
sensitive than cdc13-1 xrn1Δ cells containing the empty vec-
tor (Figure 3C). This finding supports the hypothesis that
the lack of Xrn1 can partially bypass the requirement for
CST in telomere capping because it attenuates the genera-
tion of telomeric ssDNA.
Xrn1 maintains telomere length by acting as a cytoplasmic
nuclease
Xrn1 has been identified in genome-wide screenings for
S. cerevisiae mutants that are affected in telomere length
(41,42). We confirmed the requirement for Xrn1 in telom-
ere elongation by using an inducible short telomere assay
that allows the generation of a single short telomere with-
out affecting the length of the other telomeres in the same
cell (10). We used a strain that carried at the ADH4 locus
on chromosome VII an internal tract of telomeric DNA se-
quence (81 bp TG) adjacent to an HO endonuclease recog-
nition sequence (Figure 4A) (10,69). Upon cleavage by HO,
the fragment distal to the break is lost, and, over time, the
TG side of the break is elongated by the telomerase. As
shown in Figure 4B, sequence addition at the HO-derived
telomere was clearly detectable after galactose addition in
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Figure 3. The lack of Xrn1 reduces ssDNA generation at uncapped telomeres. (A and B) Cell cultures exponentially growing at 23◦C were shifted to 28◦C
for 5 h. Genomic DNA was digested with XhoI, and single-stranded G-tails were visualized by non-denaturing in-gel hybridization (native gel) using an
end-labeled C-rich oligonucleotide as a probe. The gel was denatured and hybridized again with the same probe for loading control (denatured gel). (C)
Cell cultures were grown overnight and 10-fold serial dilutions were spotted onto YEPD plates. Plates were incubated at the indicated temperatures before
images were taken.
wild type cells, whereas it was strongly delayed and re-
duced in xrn1Δ cells, confirming the requirement for Xrn1
in telomere elongation.
Xrn1 controls telomere length by acting as cytoplasmic
nuclease. In fact, expression of the Xrn1 nuclear paralog
Rat1 lacking its nuclear localization sequence (rat1-ΔNLS)
restored telomere length in xrn1Δ cells (Figure 4C). Fur-
thermore, telomeres in xrn1-E176G cells expressing the nu-
clease defective Xrn1 variant were as short as in xrn1Δ cells
(Figure 4D).
In a deep transcriptome analysis of the genes that are
misregulated by the lack of Xrn1, xrn1Δ cells showed ∼3-
fold reduction of the levels of TLC1 (58), the RNA com-
ponent of the telomerase enzyme. However, a 2 plasmid
overexpressing TLC1 from a galactose inducible promoter
did not allow xrn1Δ cells to elongate telomeres (Supple-
mentary Figure S2A), although wild-type and xrn1Δ cells
expressed similar amount of TLC1 RNA (Supplementary
Figure S2B). Thus, telomere shortening in xrn1Δ cells can-
not be simply explained by the reduction of TLC1 RNA.
Xrn1 promotes Cdc13 association to telomeres independently
of ssDNA generation
Productive association of telomerase to telomeres requires
the generation of ssDNA that leads to the recruitment of
Cdc13. Cdc13 in turn recruits the telomerase to telomeres
by interacting with the telomerase subunit Est1 (14–17).
Binding of MRX to telomeres allows Tel1 recruitment that
strengthens the association of telomerase to telomeres by
phosphorylating unknown targets (23–25). The finding that
telomere shortening in mrxΔ and tel1Δ cells can be sup-
pressed by targeting the telomerase to telomeres through
a Cdc13-Est1 protein fusion (70) suggests that MRX/Tel1
promotes Cdc13-Est1 interaction rather than Cdc13 asso-
ciation to telomeres.
Nucleic Acids Research, 2017, Vol. 45, No. 7 3867
Figure 4. The lack of Xrn1 impairs telomere elongation. (A) Schematic representation of the HO-induced short telomere system. The ADH4 locus on
chromosome VII was replaced with a fragment consisting of the ADE2 gene and 81 bp of TG telomeric sequences (zigzag lines) flanking the recognition
site for the HO endonuclease. The centromere is shown as a circle. S, SpeI. (B) Elongation of the HO-induced telomere. Cell cultures carrying the system
described in A and exponentially growing in raffinose were shifted to galactose at time zero to induce HO expression. SpeI-digested genomic DNA was
subjected to Southern blot analysis using an ADE2 fragment as a probe. A bracket points out new telomere repeats added to the TG telomeric sequences.
The band of about 1.6kb (INT) represents the endogenous ade2-101 gene. (C–E) XhoI-cut genomic DNA from exponentially growing cells was subjected
to Southern blot analysis using a radiolabeled poly(GT) probe. The bar in (D) points out two independent xrn1-E176G cell cultures. (F) RNA levels of
CDC13-EST1 from cells in (E) were evaluated by quantitative reverse transcriptase PCR (qRT-PCR). Quantities were normalized to ACT1 RNA levels
and compared to that of wild-type cells that was set up to 1. The mean values ±s.d. are represented (n = 3).
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As Xrn1 was found to promote MRX association at in-
trachromosomal DSBs (58), we asked whether the expres-
sion of a Cdc13-Est1 fusion could restore telomere length in
xrn1Δ cells. A Cdc13-Est1 fusion expressed from a single-
copy plasmid did not suppress the telomere length defect of
xrn1Δ cells, although it was capable to elongate telomeres
in wild type,mre11Δ and tel1Δ cells (Figure 4E) and all cell
cultures expressed similar levels of CDC13-EST1 mRNA
(Figure 4F). This finding suggests that the telomere length
defect of xrn1Δ cells is not due to MRX dysfunction.
The inability of the Cdc13-Est1 fusion protein to sup-
press the telomere length defect of xrn1Δ cells raises the
possibility that Cdc13 itself cannot bind telomeres in the ab-
sence of Xrn1. As loss of telomerase is known to be accom-
panied by recruitment of Cdc13 and Mre11 to telomeres
(71), we analyzed the generation of Cdc13 and Mre11 foci
before or after loss of telomerase in wild-type and xrn1Δ
cells. These cells expressed fully functional Cdc13-CFP and
Mre11-YFP fusion proteins. As expected, telomerase re-
moval by loss of a plasmid-borne copy of EST2 resulted in
a significant increase of both Mre11-YFP and Cdc13-CFP
foci in wild-type cells as early as 25–50 generations after
loss of telomerase, with only a subset of them colocalizing
(Figure 5A–C). By contrast, xrn1Δ cells showed a reduc-
tion in the number of Cdc13-CFP foci (Figure 5A and B),
but not ofMre11-YFP foci (Figure 5A andC), compared to
wild-type, suggesting a requirement for Xrn1 in promoting
Cdc13 association to telomeres.
To investigate further this hypothesis, we analyzed the
amount of Cdc13 bound at native telomeres in wild-type
and xrn1Δ cells that were released into a synchronous cell
cycle from aG1 arrest (Figure 6A). Cdc13 binding to telom-
eres peaked in wild type cells 45 min after release, concomi-
tantly with the completion of DNA replication, while it re-
mained very low in xrn1Δ cells throughout the time course
(Figure 6A and B), although both cell type extracts con-
tained similar amount of Cdc13 (Figure 6C).
Because Cdc13 binds telomeric ssDNA and the lack of
Xrn1 impairs ssDNAgeneration at uncapped telomeres, the
reducedCdc13 association at telomeres in xrn1Δ cellsmight
be due to defective generation of telomeric single-stranded
overhangs. To investigate this issue, XhoI-cut DNA pre-
pared at different time points after release into the cell cycle
from aG1 arrest was subjected to native gel electrophoresis,
followed by in-gel hybridization with a C-rich radiolabeled
oligonucleotide. As shown in Figure 6D, both wild type and
xrn1Δ cells showed similar amount of G-tail signals that
reached their maximal levels 15–45 min after release, indi-
cating that the lack of Xrn1 does not affect the generation
of single-stranded overhangs at capped telomeres.
As generation of telomeric single-stranded overhangs re-
quires the MRX complex (10–12,72), we also analyzed
Mre11 association at native telomeres. Wild-type and
xrn1Δ cells released into a synchronous cell cycle from a
G1 arrest showed similar amount of telomere-boundMre11
(Figure 6E), consistent with the finding that the lack of
Xrn1 does not affect the generation of telomeric single-
stranded overhangs. Altogether, these data indicate that
Xrn1 promotes Cdc13 binding/association to telomeres in-
dependently of ssDNA generation.
Xrn1 promotes Cdc13 association at telomeres by downregu-
lating Rif1 level
Deep transcriptome analysis showed that the RIF1mRNA
level was ∼3-fold higher in xrn1Δ cells than in wild-type
(58). This mRNA upregulation caused an increase of the
Rif1 protein level, as shown by western blot analysis of wild
type and xrn1Δ protein extracts (Figure 7A), prompting us
to test whether this Rif1 upregulation can account for the
telomere defects of xrn1Δ cells.
As expected from previous findings that Rif1 has a very
slight effect on the generation of telomeric ssDNA (73,74),
the increased Rif1 levels did not account for the increased
temperature resistance of cdc13-1 xrn1Δ cells compared
to cdc13-1. In fact, although RIF1 deletion decreased the
maximum permissive temperature of cdc13-1 cells (75,76),
cdc13-1 rif1Δ xrn1Δ cells were more temperature-resistant
than cdc13-1 rif1Δ cells (Figure 7B), indicating that the sup-
pression of the temperature sensitivity of cdc13-1 cells by
XRN1 deletion does not require Rif1.
Rif1 was originally identified as a telomere-binding pro-
tein that negatively regulates telomerase-mediated telom-
ere elongation (77). Interestingly, the lack of Rif1, although
causing a very slight increase of ssDNA formation, yet
leads to considerably more Cdc13 binding at telomeres (74).
Therefore, Rif1 might block the association/accumulation
of Cdc13 at telomeres through a direct mechanism. Consis-
tent with this hypothesis, a 2 plasmid carrying the RIF1
gene counteracted the ability of the Cdc13-Est1 fusion to
elongate telomeres in wild-type cells (Figure 7C). Thus,
we investigated whether the upregulation of Rif1 in xrn1Δ
cells could explain both the reduced Cdc13 binding and the
telomere length defect of the same cells. As shown in Figure
7D, deletion of RIF1 totally suppressed the telomere length
defect of xrn1Δ cells. Telomere length in rif1Δ xrn1Δ cells
was the same as in rif1Δ cells (Figure 7D), suggesting that
Xrn1 acts in telomere length maintenance by counteracting
the effects of Rif1.
As telomeres were much longer in xrn1Δ rif1Δ cells than
in xrn1Δ cells, we could not compare the above cell types
for Cdc13 association at native telomeres. Thus, we used the
strainwith the 81 bpTG repeat sequence adjacent to theHO
endonuclease cut site (Figure 4A) (10), where HO induction
generates anHO-derived telomere whose length is similar in
both xrn1Δ and xrn1Δ rif1Δ cells. As expected (74), ChIP
analysis revealed that the amount of Cdc13 associated to
the HO-induced telomere was higher in rif1Δ cells than in
wild-type (Figure 7E). Furthermore, although all cell type
extracts contained similar amounts of Cdc13 (Figure 7F),
the lack of Rif1 restored Cdc13 association to telomeres in
xrn1Δ cells. In fact, the amount of Cdc13 bound at the HO-
induced telomere in xrn1Δ rif1Δ cells was higher than in
xrn1Δ cells (Figure 7E). Altogether, these findings indicate
that Xrn1 promotes Cdc13 association to telomeres by con-
trolling Rif1 levels.
DISCUSSION
Here we provide evidence that the RNA processing proteins
Xrn1 andRrp6 are involved in telomeremetabolism. In par-
ticular, we found that the temperature sensitivity of cdc13-1
mutant cells is partially suppressed by the lack of Rrp6 or
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Figure 5. The lack of Xrn1 impairs Cdc13 focus formation. (A) Cdc13 and Mre11 localization was examined in XRN1 (ML968-1D) and xrn1Δ (ML968-
3B) cells before or 25, 50 and 75 generations after loss of a telomerase-encoding plasmid (pVL291). Yellow arrowheads indicate Mre11-YFP foci, blue
arrowheads indicate Cdc13-CFP foci and green arrowhead indicates colocalization between the two proteins. Scale bar: 3 m. (B) xrn1Δ cells are impaired
for Cdc13 focus formation. Cells in panel A were quantified. Error bars represent 95% confidence intervals (n = 200–600). *P < 0.05, t-test. (C) xrn1Δ
cells are proficient for Mre11 focus formation. Cells in panel A were quantified. Error bars represent 95% confidence intervals (n = 200–600).
Xrn1, as well as by Rrp6 or Xrn1 nuclease defective vari-
ants, independently of the NMD proteins. The increased
temperature resistance of cdc13-1 xrn1Δ and cdc13-1 rrp6Δ
cells is related to their inability to activate the checkpoint.
Checkpoint activation in cdc13-1 cells is due to the accu-
mulation at telomeres of ssDNA that turns on the check-
point kinase Mec1. Our data indicate that the defective
checkpoint response in cdc13-1 rrp6Δ double mutant cells
cannot be ascribed to reduced ssDNA generation. Interest-
ingly, Rrp6 was shown to promote the association of RPA
(58) and Rad51 (78) at intrachromosomal DSBs in yeast
and mammals, respectively, by an unknown mechanism.
Thus, one possibility is that Rrp6 modulates directly or in-
directly the association to telomeric ssDNAof protein(s) re-
quired for checkpoint activation.
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Figure 6. The lack of Xrn1 impairs Cdc13 association but not ssDNA generation at capped telomeres. (A–D) Exponentially growing cell cultures (cyc)
were arrested in G1 with -factor (f) and released into the cell cycle. (A) Samples were collected for fluorescence activated cell sorting (FACS). (B)
Chromatin samples taken at the indicated times after -factor release were immunoprecipitated with anti-Myc antibodies. Coimmunoprecipitated DNA
was analyzed by quantitative real-time PCR (qPCR) using primer pairs located at telomeres VI-R and XV-L and at the non-telomeric ARO1 fragment of
chromosome IV (CON). Data are expressed as relative fold enrichment of VI-R and XV-L telomere signals over CON signals after normalization to input
signals for each primer set. The mean values±s.d. are represented (n= 3). (C) Western blot with anti-Myc antibodies of extracts used for the ChIP analysis
shown in (B). (D) Genomic DNA prepared from cell samples in (A) was digested with XhoI and the single-strand telomere overhang was visualized by
in-gel hybridization (native gel) using an end-labeled C-rich oligonucleotide. The same DNA samples were hybridized with a radiolabeled poly(GT) probe
as loading control (denatured gel). (E) Chromatin samples taken at the indicated times after -factor release were immunoprecipitated with anti-Myc
antibodies. Coimmunoprecipitated DNA was analyzed by qPCR using primer pairs located at VI-R telomere. Data are expressed as in (B).
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Figure 7. Functional interplays between Xrn1 and Rif1 in telomere length control. (A) Protein extracts prepared from exponentially growing cells were
subjected to western blot analysis with anti-HA antibodies. (B) Cell cultures were grown overnight at 23◦C in YEPD and 10-fold serial dilutions were
spotted ontoYEPDplates. (C andD) XhoI-cut genomicDNA from exponentially growing cells was subjected to Southern blot analysis using a radiolabeled
poly(GT) probe. (E) HO expression was induced at time zero by galactose addition to yeast strains carrying the system described in Figure 4A. Chromatin
samples taken at the indicated times afterHO inductionwere immunoprecipitated with anti-Myc antibodies and coimmunoprecipitatedDNAwas analyzed
by qPCRusing primer pairs located 640 bp centromere-proximal to theHO cutting site and at the non-telomericARO1 fragment of chromosome IV (CON).
Data are expressed as relative fold enrichment of TG-HO over CON signal after normalization to input signals for each primer set. The mean values ±s.d.
are represented (n = 3). *P < 0.05, t-test. (F) Western blot with anti-Myc antibodies of extracts used for the ChIP analysis shown in (E).
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By contrast and consistent with the finding that Xrn1 and
Rrp6 impairs viability of cdc13-1 cells by acting in two dis-
tinct pathways, the lack of Xrn1 reduces the generation of
telomeric ssDNA upon telomere uncapping. This observa-
tion, together with the finding that EXO1 overexpression
decreases the maximum permissive temperature of cdc13-1
xrn1Δ cells, indicates that Xrn1 participates in checkpoint
activation in response to telomere uncapping by promot-
ing the generation of telomeric ssDNA. Interestingly, Xrn1
contributes to generate ssDNA also at intrachromosomal
DSBs that are subjected to extensive resection and stim-
ulates Mec1-dependent checkpoint activation, similarly to
telomeres following Cdc13 inactivation (29,30,58). By con-
trast, Xrn1 does not contribute to the generation of single-
stranded overhangs at capped telomeres, suggesting a role
for Xrn1 in promoting resection specifically at DNA ends
that elicit aDNAdamage response. BecauseXrn1 acts in re-
section as a cytoplasmic nuclease, one possibility is that the
lack of Xrn1 increases the persistence of non-coding RNAs
that can inhibit the action of nucleases by annealing with
the ssDNA molecules that are generated following telom-
ere uncapping. However, overproduction of the Ribonucle-
ase H1 (Rnh1), which decreases endogenous RNA:DNA
hybrids in vivo as well as TERRA levels and R loops at
telomeres (79–82), did not restore the temperature sensi-
tivity in cdc13-1 xrn1Δ cells (Supplementary Figure S3). A
previous deep transcriptome analysis has revealed that the
amounts of the majority of mRNAs coding for DNA dam-
age response proteins remained unchanged in xrn1Δ cells
and the few genes that were misregulated are not obvious
candidates (58). Therefore, further work will be required to
identify the target(s) by which Xrn1 promotes ssDNA gen-
eration and checkpoint activation at uncapped telomeres.
We also show that Xrn1 acts as a cytoplasmic nuclease
to maintain telomere length. Strikingly, the lack of Xrn1
dramatically reduces Cdc13 association to telomeres. This
defective Cdc13 recruitment is not due to reduced ssDNA
generation, as the lack of Xrn1 does not impair ssDNAgen-
eration at capped telomeres. On the other hand, the lack of
Xrn1 causes upregulation of the RIF1 mRNA and subse-
quent increase of the Rif1 protein level. Rif1 was shown to
decrease Cdc13 association at telomeres independently of
ssDNA generation (74), suggesting that the high Rif1 lev-
els in xrn1Δ cells might explain the reduced Cdc13 binding
and the telomere length defect of the same cells. Consistent
with this hypothesis, we found that the lack of Rif1 com-
pletely suppresses the telomere length defect and restores
Cdc13 association at telomeres in xrn1Δ cells. Altogether,
these findings indicate that Xrn1 promotes Cdc13 associa-
tion to telomeres and telomere elongation independently of
ssDNA generation by controlling the amount of Rif1. By
contrast, Rif1 is not the Xrn1 target in promoting ssDNA
generation and checkpoint activation at uncapped telom-
eres, as the lack of Xrn1 still suppresses the temperature
sensitivity of cdc13-1 rif1Δ cells.
In conclusion, Xrn1 appears to have two separate func-
tions at telomeres: (i) it facilitates the generation of ss-
DNA and checkpoint activation at uncapped telomeres; (ii)
it maintains telomere length independently of ssDNA gen-
eration by downregulating the amount of Rif1, which in
turn counteracts Cdc13 association to telomeres. As RNA-
processing factors are evolutionarily conserved and telom-
ere protection is critical for preserving genetic stability and
counteracting cancer development, our findings highlight
novel mechanisms through which RNA processing proteins
can preserve genome integrity.
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